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A. OVERALL STATEMENT OF PROBLEM

The final progress report of this project, focused on the ignition and combustion behavior of
solid propellants, is summarized in ten different categories, including: (1) numerical
simulation of propellant combustion with detailed chemical kinetics, (2) microprobe/mass
spectrometer studies of propellant flames, (3) FTIR absorption spectrometry of propellant
flames, (4) ignition delay, temperature sensitivity, and UV/Visible absorption spectroscopy
measurements of solid propellants, (5) thermal decomposition studies of nitramine propellant
binder ingredients, (6) in situ observation of burning surface phenomena, (7) reactions of
RDX and nitramine-based propellants, (8) condensed-phase interactions between RDX and
common solid propellant binders, (9) effects of processing procedures on pseudo-propellant
flame structure, and (10) nitromethane combustion.

B. SUMMARY OF THE MOST IMPORTANT RESULTS
I. Numerical Simulation of Propellant Combustion with Detailed Chemical Kinetics
L1 Statement of Problem

The purpose of this task is to establish a predictive model based on first principles for
determining detailed ignition/combustion characteristics of energetic ingredients (including
RDX and GAP) over a broad range of operating conditions. Both the gas- and condensed-
phase processes are treated in depth, with the instantaneous propellant-burning rate and
combustion wave structure calculated as part of the solution. Results have been validated
against measured temperature and species-concentration profiles, as well as the pressure and
temperature sensitivities of the burning rate.

1.2 Summary of Most Important Results

Several comprehensive numerical analyses have been developed to treat the detailed physical
and chemical processes involved in nitramine-propellant and azide-binder combustion and
ignition. The formulation is based on the complete conservation equations for both
condensed and gas phases and takes into account finite-rate chemical kinetics and
thermodynamic phase transition. Parametric studies have been conducted to investigate the
detailed flame structures and burning behavior of RDX monopropellant and RDX/GAP
pseudo-propellant under various initial and ambient conditions. The effect of external radiant
energy deposition on propellant combustion was also examined systematically.

Figures 1.1 and 1.2 present detailed distributions of temperature and major species
concentrations in both the gas-phase and subsurface regions for self-sustained RDX
combustion at 1 atm. In spite of the nearly monotonic nature of the temperature field, a
multi-stage chemical pathway is clearly identified. The overall reaction mechanisms globally
consist of three steps: 1) decomposition of RDX into CH,0O, HCN, NO, etc. near the surface,
2) first-stage oxidization that includes formation of NO and H,O as well as removal of NO,,
and 3) second-stage oxidization that includes conversion of HCN and NO to the final
products such as CO, N, and H,. The analysis has been validated against experimental data
and employed to calculate the propellant burning rates over a pressure range of 1-100 atm.
The pressure exponent in the burning-rate law, i.e., r,=ap”, is about 0.83, showing good

agreement with measurements. Detailed discussions of the results are given in Refs. 1.1 and
1.2.
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Figure 1.1 Distributions of temperature and major species concentrations of self-sustained
RDX combustion at 1 atm.
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Figure 1.2 Close-up view of temperature and species-concentration profiles in subsurface
region for self-sustained RDX combustion at 1 atm.

* The combustion model for nitramine monopropellant was extended to include the effect of an
azide binder such as GAP, AMMO, and BMMO. The formulation accommodates all
essential physicochemical processes associated with azide-binder thermal decomposition and
reactions. The chemical kinetic scheme accommodates seven global decomposition
pathways of RDX and GAP and subsequent gas-product reactions in the near-surface multi-




phase layer. Vaporization of the melted propellant and the ensuing condensation process are
also included to provide a complete description. The gas-phase kinetics scheme involves a
total of 65 species and 418 reactions in order to obtain detailed flame structures and heat-
release mechanisms. Figures 1.3 and 1.4 show the condensed- and gas-phase solutions of
RDX/GAP propellant (mass fraction 4:1) combustion at 1 atm with a CO, laser heat flux of
100 W/cm?. A dark-zone temperature plateau around 1,200-1,400 K is clearly observed, in
contrast to the situation with RDX monopropellant combustion without external heat flux.
This phenomenon may be attributed to the higher burning rate due to the presence of GAP,
which effectively stretches the flame. The model is the first and the most comprehensive of
its kind to date, providing much useful information about the propellant burning mechanism.
More comprehensive discussions of the model and results are given in Ref. 1.3.
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Figure 1.3 Temperature, void fraction, and species-concentration profiles in condensed phase
for RDX/GAP pseudo-propellant combustion.

The analysis has also been applied to study the laser-induced ignition of RDX monopropellant.
Detailed burning characteristics were investigated, with emphasis placed on the evolution of
flame structure and ignition properties. Included as part of the results were ignition delay, onset
of ignition kernel, and temporal evolution of the temperature and species concentration profiles.
Several distinct ignition stages, including inert heating, pyrolysis, and flame occurrence and
propagation, were identified. Figure 1.5 shows the predicted temperature profiles at various
times for an incident heat flux of 400 W/cm® at 1 atm. The calculated ignition delay and
transient development of the temperature and species-concentration fields agree well with
experimental data. A more detailed discussion is given in Refs. 1.4 and 1.5.
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II. Micro-probe Mass Spectrometer Studies of Propellant Flames
II.1 Statement of Problem

These measurements were performed to obtain an understanding of the effects of propellant
composition, pressure and heat flux on the species profiles within propellant flames. The
species measurements were performed with a microprobe mass spectrometer system with a
spatial resolution of approximately 100 pm. In addition to the species measurements,
temperatures within the propellants and in the gas-phase were measured with micro-
thermocouples varying in size from 5 to 75 um. High magnification video was used to
observe the sample and flame structure during combustion, and to determine the distance of
the microprobe or the micro-thermocouple from the sample surface.

1.2 Summary of Most Important Results

Over the course of the URI program, a number of propellants and ingredients were
investigated with CO; laser heat fluxes ranging from 100 and 400 W/cm?® and pressures from
0.5 to 3 atm. The ingredients investigated included RDX, CAB and ATEC as well as XM39
and M43 propellants. In addition, pseudo-propellants of RDX/CAB were studied to bridge
the gap between propellants and pure RDX. The pellets were created by mixing the two
ingredients and pressing them into pellets at pressures of approximately 2,500 atm. The
major results from these studies are summarized in this section. Detailed results can be
found in Refs. [2.1-2.4].

Ninety percent RDX was used in RDX/CAB pseudo propellants to bridge the gap in species
and temperature data between the nitramine composites, such as XM39 (76% RDX), and
pure RDX. This study showed the effects of binder on the surface temperature and gas-phase
reactions or concentrations of stable species. Figure 2.1 shows the effect of CAB on the
species profiles of N,O and NO; in the gas phase.

The complete consumption of NO, indicates the end of the primary reaction zone. Figure 2.1
clearly shows that the addition of CAB stretches out the primary reaction zone. For RDX at
400 W/cmz, this zone exists up to 1 mm above the surface, while for RDX/CAB (90/10) it
stretches out to about 2 mm above the propellant surface. The lower NO, mole fraction at
the surface of RDX/CAB is consistent with the fact that CAB does not contain any nitrogen.
The surface temperature for RDX/CAB is about 600 K, which is about 10 - 20 degrees lower
than that for RDX. Formation of NO; is favored at higher temperatures, and the lower
surface temperature is consistent with a lower NO, concentration.
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Comparison of NO2, N20 profiles for RDX/CAB and RDX at 1
atm. and 400W/cm2 in argon
—&—NO2 -RDX/CAB —¥— NO2 -RDX

0.2

Mole Fraction

Distance (mm)

Figure 2.1 Comparison of NO, and N,O profiles for RDX and RDX/CAB at 1 atm and
400W/cm? in argon.

In the secondary flame region, N,O undergoes a reduction to form N,. The N,O profile for
RDX/CAB remains fairly constant while the N,O profile for RDX shows a slow decay. This
also suggests that the addition of the binder has stretched out the gas-phase reactions.

Figure 2.2 shows the temperature profiles for RDX, RDX/CAB, XM39 and M43 at 1 atm and
an incident laser heat flux of 400W/cm” with argon as the ambient gas. The surface
temperatures for XM39, M43 and RDX/CAB were 580, 592, and 600 K, respectively. In
M43, an energetic plasticizer replaces the ATEC present in XM39, and this seems to result in
a higher surface temperature. The energetic plasticizer also causes a faster temperature rise in
the gas-phase region. M43 and XM39, when combusted in an argon environment, do not
have a luminous flame region. The fuel-rich nature of these propellants prevents complete
combustion in an inert environment. The temperature profiles show a rise from its surface
value to a stable “dark zone” temperature plateau.

The higher percentage of RDX in the RDX/CAB pseudo propellant, as compared to XM39,
raises the surface temperature. The temperature profile for RDX/CAB shows a plateau at
about 1,450-1,500 K. The RDX temperature profile shows a monotonic rise to its final
temperature of about 3,000 K. The final temperature for RDX/CAB is about 2,500 K. The
addition of CAB seems to result in a “dark zone.” The lower surface temperature for
RDX/CAB may result from a simple dilution effect or that the CAB tends to slow the
exothermic sub-surface reactions.

12




Temperature Profiles for RDX, RDX/CAB, XM39 and M43 at 1 atm.
and 400W/cm? in argon
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Figure 2.2 Temperature profiles for RDX, RDX/CAB, XM39 and M43 at 1 atm and
400W/cm? in argon.

Figure 2.3 shows a comparison between NO, and N,O profiles for XM39 and M43 at 1 atm
with argon as the ambient gas. The RDX decomposition mechanism for NO, formation is
favored at higher surface temperatures, and the higher surface mole fractions for NO, in M43
(23%) as compared to XM39 (20%) appear to be consistent with this mechanism.

Comparison of NO,, N,O profiles for XM39, M43 at 1 atmosphere
and 100W/cm? in argon
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Figure 2.3 Comparison of NO,, N,O profiles for XM39 and M43 at 1 atm and 100W/cm? in
argon. '

The primary reaction zone, as defined by the complete consumption of NO,, is much shorter
for M43 (1.6mm) as compared to XM39 (4.5 mm). The quicker consumption of NO; in the
gas-phase of M43 is consistent with the faster temperature rise (Fig. 2.2). The lower surface
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temperature for XM39 favors the reaction pathway that forms CH,O/N,O, and this is
observed in the higher N,O mole fraction for XM39 (8%), as compared to M43 (6%). In
both cases, a final flame was absent and the propellants tended to “fizz burn”. The species
profiles show the mole fractions stabilize into its “dark-zone” values.

When air is the ambient gas, XM39 shows a luminous flame and undergoes complete
combustion to give final flame species and temperature. The fuel-rich nature of the
composite propellants suggests that an oxidizer-rich environment is necessary for complete
combustion. Figure 2.4 shows a comparison between CO and NO profiles for XM39
combustion in argon and air. The figure clearly illustrates the similarities in magnitude of
mole fractions in air and argon in the near-surface region. The presence of air as the ambient
gas allows complete combustion of XM39 and hence the higher temperatures to allow the
NO to undergo a reduction reaction to form N,. In the case of argon as the ambient gas, the
NO mole fraction stabilizes at its dark-zone value. Similar behavior can be observed for the
CO profile.

Comparison of NO, CO and Temp profiles for XM39
inargon and air at 1 atm. and 100W/cm2
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Figure 2.4 Comparison of CO, NO and temperature profiles for XM39 at 1 atm and
100W/cm? in argon and air.

The temperature profile shows remarkable similarity in values near and at the surface. This is
consistent with the measured species profiles. Oxygen was also measured, and it showed
little diffusion into the primary reaction zone. This again seems to suggest that the near-
surface chemistry is independent of the ambient gas composition.

Table 2.1 shows that variation in heat flux changes the burn rate substantially but does not
affect the surface temperature. The higher heat flux stretches out the gas-phase reaction
regions but does not significantly alter the concentrations in the near-surface region. The
temperature profiles in the gas-phase are also fairly consistent. This suggests that the
radiative heating effect on surface chemistry is not significant. The surface and near-surface
chemistry seem to be driven by the condensed-phase reactions.
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Table 2.1 Burn rate and surface temperature data for various propellants at 1 atm in argon.

%—i,

Burn Rate (mm/s) Surface Temperature (K)
Propellant | 100W/cm? | 400W/cm® | 100W/cm® | 400W/cm”
XM39 0.6 1.1 575 580
M43 0.65 1.2 585 592
RDX - 1.4 - 620
RDX/CAB - 1.32 - 600
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III. FTIR Absorption Spectrometry of Propellant Flames
1.1 Statement of Problem

This part of the project deals with the development of a non-intrusive diagnostic technique
for the determination of temperature and species profiles within solid-propellant flames at
elevated pressures. Such data are pertinent to model validation. The experimental technique
employed a Fourier transform infrared (FTIR) spectrometer, which acquires spectral data
along a line-of-sight (LOS). A high-pressure chamber was designed and constructed, which
allows observation of the flame zone, translation of the propellant strand, pressure control,
and measurement of condensed- and gas-phase temperatures using fine-wire
thermocouples.3'1'3 * The major difficulty to overcome in the data-reduction procedure is to
account for a variation of temperature and species along the line-of-sight. As shown in Fig.
3.1, the purge gas interacts with the flame zone to create a radially varying distribution of
temperature and species. At a certain distance above the burning surface, the radial variation
could be significant.
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Figure 3.1 Schematic diagram of the FTIR beam propagation through the solid-propellant
flame.

M2 Summary of Most Important Results

A data-reduction algorithm was developed to account for radial variation of temperature and
species concentrations.>**> A discussion of the effect of noise in spectra, use of different
spectral regions, instrument line shape and IR-active molecules is available.>*?5 Here, we
summarize its application on the determination of centerline temperature and species mole
fractions by using FTIR spectra acquired during steady-state combustion of XM39. The
fundamental band of CO is first used to determine LOS-average, and second, radial variations
in temperature and CO partial pressure. The deduced temperatures are then used to
determine the partial pressures of other IR-active species.

Temperature Measurements - Temperatures deduced from FTIR spectra are compared to
thermocouple measurements (S-type) in Figs. 3.2 and 3.3 for steady-state combustion of
XM39 at 15 and 22 atm, respectively.3'6 The closed-faced symbols are LOS-average values,
the open-faced symbols are centerline values from sixth-order power series approximation for
the radial temperature profiles, and the lines represent thermocouple data. Four FTIR tests at
15 atm and two tests at 22 atm are shown to demonstrate the reproducibility. Figure 3.2
shows that the LOS-average temperatures are within 70 K of the thermocouple traces near the
surface (less than 3 mm from the surface), whereas the LOS-average values are 200 to 300 K
lower than those acquired by thermocouples further from the surface.

LOS-average and centerline temperatures both match the thermocouple readings near the
surface, where the mixing region is small. The data-reduction algorithm provided a good fit

to the spectra acquired near the surface, as indicated by the value of x> and a visual
comparison between the measured and fitted spectra. Further from the surface, the mixing
region grows, causing the LOS-average temperature to be significantly different from
thermocouple measurements. In this region of the flame, the use of LOS-average

temperatures and partial pressures within the algorithm resulted in poor fits (based on z?) to
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Fig. 3.2 Temperature profiles of an XM39 propellant flame at 15 atm using FTIR
spectroscopy and Pt/Pt-10 % Rh (S-type) thermocouple.

the acquired spectra. However, the centerline values from deduced sixth-order power series
profiles reproduce the thermocouple trace. Error bars (95 % confidence limits) on the LOS-
average values were computed. Estimates of noise within the CO transmittance data were
made using the data-reduction analysis and measured noise from the 2,500 to 2,600 cm™
range. Temperatures and CO partial pressures were determined from CO spectra over the
spectral range from 2,000 to 2,090 cm?. The lower limit was chosen to minimize
interference from NO, while the upper limit was chosen to minimize the number of
transitions employed.3'6

Tests performed at 22 atm show a dark zone, varying in length from 0.5 to 2.0 mm. This
variation in length, coupled with a slightly uneven burning surface with respect to the FTIR
beam, leads to vertical variations within the probe volume. The vertical variations are
noticeable in FTIR spectra taken near the surface, where high-temperature CO transitions are
observed in the low-temperature NO band structure, as well as in recorded images taken
during combustion. Only LOS-average values were determined at this pressure. Beyond 2
mm from the surface, LOS-average temperatures are within 100 K of the thermocouple
traces. The LOS-average values determined below 2 mm strongly depend on the species and
spectral ranges used for data reduction. The 1,950 to 2,030 cm’! range was used to determine
temperatures and CO partial pressures above 2 mm. Interference from NO is small at high
temperatures allowing a spectral region which is more sensitive to high-temperature CO
transitions to be used by the algorithm. Flame temperatures obtained by thermocouples and
the data-reduction technique are slightly lower than the adiabatic flame temperature of
2,163 K for XM39 at 22 atm. Radiative heat losses may play a role since burn rates are low
(long residence time) and the flame is luminous.
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Fig. 3.3 Temperature profiles of an XM39 propellant flame at 22 atm using FTIR
spectroscopy and Pt/Pt-10 % Rh (S-type) thermocouple.

Species Measurements - Figure 3.4 shows the deduced CO and NO mole-fraction profiles of
the XM39 flame at 15 atm. Within this figure, the closed-faced symbols are LOS-averaged
values whereas the open-faced symbols are centerline values from sixth-order power series
approximations for the radial profiles of species and temperature. CO mole fractions and
temperatures were deduced from the FTIR spectra using the spectral range from 2,000 to
2,090 cm'l, whereas NO mole fractions were determined using the spectral range from 1,880
to 1,950 cm™. The narrow vibrational band width and lack of radiative properties beyond
1,950 cm™ for NO dictated the use of this spectral range, which is sensitive to high and low
temperature rovibrational transitions. Close to the surface (< 3 mm), no significant
corrections for spatial variations in CO mole fractions were determined from the spectral
transmittance measurements, and therefore, only LOS-average values are shown in this
region in Fig. 3.4. Beyond 3 mm, spatial variations in NO and CO mole fractions were found
from spectral transmittance measurements using the data-reduction algorithm. Centerline
values of CO mole fractions using the sixth-order power series were larger than LOS-average
values, whereas corrected NO mole fractions were slightly lower than the LOS-average
values. The algorithm is able to use the spectral variations in transmittance to correct for

spatial variations in CO and NO. In Fig. 3.4, 95% confidence limits on the LOS values were
also calculated.>®
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Figure 3.4 Deduced CO and NO mole-fraction profiles of an XM39 flame at 15 atm.

The FTIR spectra also indicated the presence of CO,, N,O, H,O, HCN, and CH4. LOS-
average mole fractions of these species were found close to the surface. Further from the
surface, the algorithm was not able to determine radial profiles for these molecules. This
inability is attributed to the lack of accurate high-temperature radiative properties.

‘Much additional work needs to be conducted to fully exploit the developed data-reduction
technique. The major disadvantage is the lack of radiative properties at high temperatures.
This involves the determination of line strength, transition frequencies, and the dependence
of the pressure broadened half-width on temperature, pressure, and the partial pressures of
other combustion products. Such data are also of interest in plume calculations. In addition,
accurate models of line-mixing and sub-Lorentzian behavior of rovibrational lines are also
needed to accurately determine spatial variations in temperature and species partial pressure
from spectral transmittances.
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IV. Ignition Delay, Temperature Sensitivity, and UV/Visible Absorption Spectroscopy
Measurements of Solid Propellants

IV.1 Statement of Problem

During this research investigation, the flame structures of five different propellants, (namely
JA-2, M9, M10, XM39, M43), pure RDX, and three RDX-based pseudo propellants
containing different amounts of CAB binder were characterized. The specific objectives of
this investigation are: 1) to provide experimental data on burning rates, ignition delay times,
temperature and species (OH and NO) concentration profiles of solid propellants for guiding
model development and validation, 2) to observe the ignition and combustion behavior of
these propellants, 3) to determine the effect of percentage of CAB on the ignition and
combustion processes of RDX/CAB pseudo propellants, and 4) to examine the pressure
dependency of final flame temperatures and OH and NO mole fractions.

IV.2 Summary of Most Important Results

UV/Visible Absorption Spectroscopy - Absorption spectroscopy was used as the diagnostic
technique to measure the gas-phase temperature and OH and NO concentration profiles of
propellants. Absorption spectroscopy is a non-intrusive optical diagnostic technique for
simultaneous determination of temperature and absolute concentration of chemical species
from one measured spectrum. Application of this technique to solid propellant flames at low
to intermediate pressures (up to 2 MPa) has recently been shown to be an effective and
accurate method by A. J. Kotlar and J. A. Vanderhoff of ARL*! and T. P. Parr of NAWC.*?
Although it is a simple and relatively inexpensive technique, it has sufficient sensitivity even
for the detection of transient species with low concentrations in the flame zone.*?
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Absorption spectroscopy does not suffer from the collisional quenching effect, which is a
major limitation for other linear optical techniques, such as laser induced fluorescence (LIF),
especially at higher pressures.*? The basic limitation of absorption spectroscopy is that it is a
line-of-sight measurement method which is most suitable for one-dimensional flame-zone
structure. When the flame structure is not one-dimensional, determination of the effective
pathlength of the light beam becomes very difficult which in turn causes discrepancies in the
deduced species concentration since assumed pathlength and species concentration are almost
inversely proportional.**

The optical setup for UV/Visible absorption measurements was established and tested with
high spatial resolution and signal-to-noise ratio.*> A high-pressure, windowed test rig for
propellant flame diagnostics and burn rate measurements was constructed. The test chamber
was also upgraded to incorporate a propellant feeding mechanism using a computer-
controlled linear actuator system. A 50-Watt CO, laser was employed for igniting the
propellant sample. A surge tank was used in conjunction with the test chamber to maintain
steadiness of the chamber pressure. Major characteristics of this setup include: high spatial
resolution (up to 50 um), capability of high-pressure measurement (up to 60 MPa), nearly
constant pressure operation (less than £1.5% pressure variation), chamber purge for clear
optical access, laser or nichrome wire ignition, and very accurate propellant feeding
mechanism (0.1 pm axial displacement per rotation step).“‘ 43 An in-situ propellant heating
system was also constructed to stretch the flame-zone height and thus enhance the optical
diagnostics.

For JA-2 propellant, which is made of NC (59.5% by weight)/NG (14.9%)/DEGDN
(24.8%)/others (0.8%), OH absorption measurements were conducted at pressures of 200,
500, 800, and 1000 psig to investigate the effect of pressure on the JA-2 flame.** This study
represents the first attempt of absorption measurements of solid propellants above 300 psig.
The deduced flame temperature in the luminous region showed a slight increase from
2,754 K at 200 psig to 2,873 K at 1,000 psig, which agrees well with the equilibrium
calculations at respective pressures as shown in Table 4.1. The measured OH number density
increased with pressure; however, the mole fraction of OH decreased with increasing
pressure. This is believed to be associated with the increase in the total number of gaseous
molecules at higher pressures. The measured OH concentrations were found to be lower than
those from equilibrium calculations. A similar discrepancy was also observed by Vanderhoff
et al.*! of ARL and was attributed to both the highly nonlinear dependency of OH
concentration on flame temperature and variations of local flame stoichiometry. In addition,
effects of both heat and mass transfers between the flame and the environment also make the
averaged, line-of-sight OH concentrations less than that near the central region of the flame.
Furthermore, there are some uncertainties in the equilibrium calculations due to variations of
reported thermochemical data of JA-2 ingredients. The propellant heater installed in the
high-pressure windowed combustion chamber was used to increase the initial temperature of
JA-2 by heating the purge gas. Increasing the initial propellant temperature stretches the
flame zone, aiding in the resolution of the flame structure at high pressures when the flame
structure would otherwise be extremely compact. The amount of flame zone stretching
depends on the temperature sensitivity of the propellant. Even for JA-2, which has a very
low temperature sensitivity, the visible dark zone at a pressure of 200 psig has been shown to
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increase approximately 35% with an increase of initial temperature from 29 to 120°C.*®
Flame zone stretching by this technique has not been previously conducted by any other
researchers working on solid propellants.

Table 4.1 Flame temperatures and OH concentration of JA-2 propellant at different pressures.

Pressure Luminous | Equilibrium | OH Number | OH Mole | Equilibrium
Flame Calculation Density Fraction OH Mole
Temperature Tt (K) (molec./cm3) x10° Fraction
(K) x10™" x10°
1.60 MPa 2754 2822 1.09 2.81 5.65
(217 psig) +124 +0.34 +0.30
3.55 MPa 2836 2844 2.31 2.61 4.22
(500 psig) +147 +0.48 10.41
5.62 MPa 2852 2855 3.31 2.32 3.52
(800 psig) +179 +0.27 +0.19
6.99 MPa 2873 2859 3.44 1.95 3.22
(1000 psig) +188 +0.30 +0.17

Temperature and NO concentration profiles of M43 and XM39 propellants showed plateaus
when a spatially uniform dark zone existed between the burning surface and luminous flame
regions.***®  Under this situation, M43 and XM39 have similar dark-zone temperatures
(around 1,050 K for M43 and 1,150 K for XM39). However, M43 has at least 5 to 6% more
of NO mole fraction than XM39 in the dark-zone region, indicating less conversion of NO; to
NO in the primary reaction zone near the burning surface. Figure 4.1 shows a plot of
temperature and NO concentration profiles of M43 propellant flame at 1.60 MPa when there
were no flamelet attachments to the burning surface. However, in most tests, the luminous
flame was attached to the burning surface through several flamelets.***® When these
luminous flamelets were attached to the burning surface, line-of-sight averaged NO
concentrations (where a uniform pathlength is used in data analysis) exhibited a rapid
reduction for increased distance from the burning surface. This reduction is caused by a
shorter intercepted distance by the UV light beam in the dark zone as the vertical distance
from the burning surface increases, and the deduced NO concentration is thereby decreased if
the whole propellant diameter is used as the pathlength in the data analysis. Because flamelet
attachment is inevitable for most solid propellants, spatially averaged quasi 1-D solid-
propellant combustion models should take this aspect of flame into consideration. Thus, the
data reported in this work should be very useful for theoretical model validations and
improvements.
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Figure 4.1. Temperature and NO concentration profiles for M43 propellant at 1.6MPa.

The flame structures of pure RDX and RDX-based pseudo propellants containing different
amounts of CAB binder were investigated to provide data for validating advanced
combustion models for composite propellants.4‘4’4‘6'4'11 The model simulation of pseudo
propellants containing a few ingredients is easier than that of composite propellants with
many ingredients because of complex physicochemical interactions between the ingredients.
UV/Visible absorption measurements provided the profiles of gas-phase temperature and OH
concentration of pure RDX and pseudo propellants containing RDX with CAB binder having
8%, 11%, and 14% by weight. OH absorption measurements for pure RDX and the three
pseudo propellants were conducted at 0.45 MPa (50 psig). For pure RDX, tests were also
conducted at two other pressures [0.17 and 0.79 MPa (10 and 100 psig)] to examine the effect
of pressure on temperature and OH concentration. Tests were conducted with RDX/CAB
(84/16) pseudo propellant; however, no adequate OH absorption was detected due to the low
concentration of OH molecules at low flame temperature conditions. It was found that the
flame structures of pure RDX and RDX/CAB pseudo propellants are quite different. Pure
RDX has a highly non-one-dimensional flame structure, i.e., there were several bright
columns of flame (flamelets) surrounded by a less luminous zone, whereas RDX/CAB
pseudo-propellant flames are much more uniform than that of pure RDX mostly due to the
reduced interaction between the gaseous flame and surface reaction zone. As the CAB
percentage increases, the luminosity of the flame drastically decreases. For RDX/CAB
(86/14) pseudo propellant, the flame is almost invisible during most of the test time. During
this series of tests, unlike XM39 and M43 propellants, no multi-stage flame structures were
observed for both pure RDX and RDX/CAB pseudo propellants processed by the shock-
precipitation procedure.“'&‘"10’4'11 This difference could be caused by the effect of other
ingredients not included in the pseudo propellants. The deduced final-flame temperatures at
0.45 MPa from absorption spectroscopy measurements indicated a monotonic decrease of Tt
with an increase of CAB percentage from 3,062 K for pure RDX to 2,742 K for RDX/CAB
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(86/14%), as departure from stoichiometry became larger. Figures 4.2 and 4.3 show the
temperature and OH concentration profiles of pure RDX and RDX/CAB (86/14) flames at
0.45 MPa, respectively. Similar figures were obtained for other pseudo propellants at 0.45
MPa and for pure RDX at 0.17 and 0.79 MPa. In Fig. 4.2, the temperature and OH
concentration increase very rapidly to their maximum values at a position very close to the
burning surface. In Fig. 4.3, the decreasing trend of the temperature and OH concentration in
the luminous region is due mainly to the heat- and mass-transfer processes between the flame
and the purge gas. Based on this series of measurements, the flame temperatures of pure
RDX and three pseudo propellants were found to be very close to the calculated equilibrium
temperatures. The deduced OH concentrations were lower than the equilibrium values due
mainly to the non-one-dimensional nature of the pure RDX flame and uncertainties in the
pathlength of the light beam. It is interesting to note that the flame heights, determined from
the peak OH concentration locations, increase with the increase of the percentage of CAB in
the RDX/CAB pseudo propellants. This increase is caused by a greater distance required for
complete reactions of decomposed fragments of CAB and RDX. The CAB decomposition is
endothermic and absorbs more energy from the propellant when its percentage increases.
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Figure 4.2 Deduced gas-phase temperature and OH mole fraction profiles of RDX flame at
0.45 MPa.
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Figure 4.3 Deduced gas-phase temperature and OH mole fraction profiles of RDX/CAB
(86/14%) flame at 0.45 MPa.

Temperature Sensitivity - Burning rates of pﬁre RDX and three RDX/CAB pseudo
propellants were determined from video records. At 0.45 MPa, the burning rates of pseudo
propellants were fitted into the following equation:

1, (mm/s) = 0.9543- 0.029 x[weight % CAB]

Burning rates of pure RDX as a function of pressure were fitted into the equation r, = a P*
with n=0.83610.002 and a= 1.85040.002.

The measured burning rates of pure RDX at 25 and 120°C were compared with the calculated
results of Liau and Yang of PSU and the room-temperature data of M. S. Miller of ARL for
military grade RDX in Fig. 4.4. It is interesting to note that the burning rate data of military
grade RDX which contains up to 10% HMX impurity of Miller is substantially higher than
the pure RDX. This implies that the combustion of XM39 and M43 propellants with military
grade RDX could have non-negligible influence of HMX to their burning rates. Also it
would be useful to simulate the combustion behavior of military grade RDX numerically.
From these measured burning rate data, the temperature sensitivity of pure RDX was found to
be a linear function of pressure according to the following equation:

op (1/K) = -0.000391 + 0.00289 P (MPa)

The value of 6, changed from 0.000137 to 0.00192 K when the pressure was increased from
0.17 to 0.79 MPa.
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Figure 4.4 Burning rates of pure RDX as a function of pressure and initial temperature.

Ignition Delay - Ignition delay is one of the most important parameters in the characterization
of propellant ignition behavior. In this study, ignition delay times of the pure RDX, pure
HMX, and three RDX/CAB pseudo propellants were determined under various levels of
incident CO; laser energy fluxes at 0.45 MPa.*8+10411 1 this part of the investigation,
ignition delay times based upon the onset of light emission (t ) and gas evolution (tgg) were
determined as a function of incident energy flux. The self-sustained Go/No-Go ignition
boundaries (defined as tigy) for these propellants were also obtained. These ignition data are
very useful for model validation. A CCD video camera system with a framing rate of 60
frames/s was used to record the ignition phenomena. Figures 4.5 to 4.7 show the measured
delay times (t g and tgg) as well as Go/No-Go boundary (tign) With respect to average incident
laser energy fluxes of the pure RDX, pure HMX, and RDX/CAB (86/14%) pseudo
propellant. As expected teg, tig, and tig, decrease with the increase of incident laser energy
flux. The relationship between the tig, and the incident laser energy flux were correlated and
the results are also shown in these figures. The region below the curves represents the no
ignition zone and the region above the curves can be regarded as the self-sustained
combustion zone. The data for tgg and t g exhibited a considerable degree of scattering at
low energy flux of 50 W/cm? which could be associated with the heterogeneous foam-layer
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behavior and stability of the laser energy output at low levels. When the energy flux is
increased, tep, tig, and tig, became closer to each other, and the data scattering was
significantly reduced. Based upon the results of ignition tests, it was found that tig, of pure
HMX was 17-40% lower than those of pure RDX. This result is unexpected from the point of
view of thermal heating of two different inert materials in the subsurface region.
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Figure 4.5 Ignition delay times for pure RDX.
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Figure 4.6 Ignition delay times for pure HMX.
The thermal diffusivity, o, of a propellant is a measure of the energy diffusion rate into the
preheat zone beneath the surface. The higher the o, the deeper the thermal wave penetration.
The o value of HMX is larger than that of RDX which implies that the thickness of the
preheat zone for HMX is larger than that of RDX if the subsurface reaction zone is inert.
Also the required surface temperature to reach melting is higher for HMX than RDX.
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Therefore, it is generally anticipated that HMX requires longer time to reach a critical surface
temperature for ignition than RDX. The results obtained by T. P. Parr and D. Hanson-Parr
of NAWC also showed that at high laser heating (around 600 W/cm?), HMX had longer
ignition delay times than RDX. The reason for the reversed trend of t;, of HMX and RDX in
the current study is believed to be due to the existence of a very dynamic two-phase surface
region of RDX. At low pressures, RDX has a very thick foam layer (~ 1 mm) which consists
of many large bubbles. At lower heat fluxes (around 50 to 150 W/cm?), as in the case of
current study, the thick and dynamic foam layer of RDX is believed to have some shielding
effect which results in a longer tiz. At very high heat fluxes, the effect of foam layer
shielding diminishes and therefore ti;, for HMX is longer than those of RDX. From the
results of ignition tests, it was also found that the Go/No-Go ignition boundary increases with
the increase of CAB content in pseudo propellants except for RDX at low energy fluxes (i.e.,
around 50 and 100 W/cm?). The reason for the reversed trend of RDX at low heat fluxes is
anticipated to be the stronger interactions between the very dynamic foam layer with the
incident laser energy flux at lower flux levels, as explained above. When the CAB
percentage was increased to 11%, tig, increased about 17% with respect to those of
RDX/CAB (92/8%). Further increase in CAB content to 14% increased the t;s, about 73% at
100 and 150 W/cm? with respect to those of RDX/CAB (92/8%). The increase of tig, of
pseudo propellants with CAB percentage is due to the higher specific heat of CAB than that
of RDX; therefore, CAB absorbs more energy for the same amount of temperature increase,
which yields higher values of tgy.
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Figure 4.7 Ignition delay times for RDX/CAB (86/14%) pseudo propellant.
It is well known that when the exponent in a simple power-law expression (i.e., tign = a [q”]")
is equal to -2, it corresponds to the inert heating process prior to ignition. For pure RDX, the

exponent is -2.151, which is very close to -2; therefore, the surface of RDX can be regarded
as almost inert during the ignition period. When the CAB percentage is increased to 8%, the
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exponent increased to -1.545. This indicates that there are some surface reactions (mostly
endothermic) which require a longer time for the laser energy to be transferred to the surface
in order to bring the sample to ignition condition. The exponent further increased to -1.497
for RDX/CAB (89/11%) pseudo propellant indicating more endothermic surface reactions.
For RDX/CAB (86/14%) pseudo-propellant, the exponent, was -1.004 due to even higher
endothermic surface reactions.

The results obtained during this research investigation are believed to be very useful for
understanding the combustion behavior of these propellants and for model validation.
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V. Thermal Decomposition Studies of Nitramine Propellant Binder Ingredients
V.1 Statement of Problem

The flash pyrolysis chemistry of the main components of the XM39 LOVA propellant (RDX,
NC, and CAB) was characterized by T-jump/FTIR spectroscopy. The objective was to define
better the species and rate constants that might be incorporated into a combustion model. In
addition, mixtures of RDX/NC and CAB/RDX were characterized for comparison with the
pure components.

V.2 Summary of Most Important Results

Although much previous work has been conducted on the decomposition of the cyclic
nitramines RDX and HMX, there was a need to compile and analyze previous studies in the
context of the more recent work. The kinetic compensation effect in RDX and HMX was
analyzed in the slow decomposition range.”! The kinetics and reaction channels of RDX
were then analyzed in the temperature range of the burning surface.>> This latter article
considered the history of the inclusion of the surface reaction zone models, the use of global
surface rates, the use of specific reactions, and the incorporation of vaporization. The
“minor” products from flash pyrolysis of RDX were also determined by the use of
multivariate regression methods for the first time.>® It was possible to remove from the
spectrum the major gaseous products that were discussed extensively in this team's previous
work and to uncover the minor products. Hexahydro-1-nitroso-3,5-dinitro-s-triazine, s-
triazine, C-hydroxyl-N-methyl-formamide and both RDX aerosol and RDX vapor were
observed in the gaseous phase at concentrations of less than 4 percent. This work helps
connect the slow decomposition work of Behrens and Bulusu (Sandia Livermore and
ARDEC) and the quenched propellant work of Schroeder, et al. (ARL). Compounds of these
types are found in varying amounts in all of these experiments.

In addition to obtaining our own flash pyrolysis data on NC, we analyzed the past kinetics
literature for the purpose of reconciling the many conflicts.>* The temperature range of 50-
500°C was considered. Below 100°C depolymerization, peroxide formation, and hydrolysis
can explain the reported kinetics. At 100-200°C, almost all previously reported kinetics are
found to fall into two categories by the use of the kinetic compensation effect. These
categories are consistent with first-order decomposition and autocatalytic processes. Above
200°C, the kinetics are consistent with a first-order reaction and desorption which together
control the rate.

Flash pyrolysis of cellulose acetate butyrate (CAB) was flash pyrolyzed at set temperatures in
the 460-600°C range under 1 atm of Ar for the purpose of identifying the gaseous products
and measuring the kinetics.>>>7 Multivariate regression enabled eleven products (CO, CO,,
acids, esters, ketenes, aldehydes, and CAB oligomers) to be identified. The ketenes are the
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most novel products. Arrhenius activation energies in the lower end of the temperature range
are most consistent with control by bulk phase decomposition processes. In the higher
temperature range, the desorption processes of these products appear to be rate controlling.

To simulate the decomposition of a LOVA propellant, pseudo-propellants composed of two-
component mixtures were made and flash pyrolyzed.5 $59 An intimate mixture of 88:12 w/w
of RDX and CAB and a heterogeneous mixture of 90:10 w/w RDX and NC were made. The
gaseous products from these mixtures were compared to the weighted sum of the products
from the pure components. RDX stabilizes NC but destabilizes CAB in the time-to-exotherm
data. The NO, liberated by RDX oxidizes CAB based on the product ratios observed. The
project concluded before the study of the interactions between LOVA propellant ingredients
could be completed. In general, this subject was proving to be quite complicated and would
have required much more research time than was available.
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V1. In Situ Observation of Burning Surface Phenomena
V1.1 Statement of Problem

It is generally known that a complex surface reaction zone exists on the burning surface of
nitramine propellants at pressures less than 6.87 MPa (1000 psia). Although this layer is
acknowledged to play an important role in the combustion process, its detailed structure
remains relatively uncharacterized due to variations with propellant formulation and
operating conditions as well as the difficulty of instrumentation under combustion conditions.

V1.2 Summary of Most Important Results

Near surface burning phenomena were investigated for 0.64 cm (0.25 in) diameter samples of
pure RDX, nitramine-based composite propellants M43 and XM39, and JA-2 a modified
double-base homogeneous propellant over a pressure range of 0.10 to 3.55 MPa. The RDX
test samples were consolidated from recrystallized powder into cylindrical pellets 0.64 cm in
diameter and approximately 0.70 cm long in a specially designed presser system. The other
propellants were cut from 0.64 cm strands into samples approximately 1.27 cm long. A
Pulnix color CCD camera equipped with a 60-mm micro lens provided high-magnification
images which were recorded on a Panasonic S-VHS VCR to produce high-quality video for
post-test analysis and image processing. To allow observation of the burning surfaces over a
range of pressures, a windowed test chamber pressurized with nitrogen gas was used. A
constant flow of nitrogen purge gas past the sample kept the chamber clear of smoke and
ensured a relatively flat burning surface. The samples were ignited by a 50-W CO; laser
projected on the top surface of the propellant until a steady burn was achieved.®!

At low pressures, such as 0.17 MPa (10 psig), RDX pellets exhibited a thick, bubbly layer as
shown in Fig. 6.1. The foam layer was thickest at the center (about 400 um) and tapered to
the edges of the sample due to surface tension and edge cooling effects. A distinct dark zone
of about 100 wm was also present. At 1 atm, the foam zone thickness was about 650 um at
the center and the dark zone was about 450 um thick. Dark zone size, foam layer thickness,
and bubble size decreased as pressure increased. The dark zone was no longer visible at 0.44
MPa (50 psig) as the luminous flame began to attach to the surface. Carbonaceous patches at
the point of attachment are believed to form hot spots enhancing heat transfer and radical
generation at these locations. Although bubbles were not visible above 0.93 MPa (120 psig),
a liquid layer was observed on the surface at all conditions tested, up to 2.23 MPa (310 psig).

Behavior of M43 and XM39 propellants appeared much the same due to similarity of these
two formulations. Small mobile carbonaceous particles in the liquid layer agglomerated into
flame-holding sites at higher pressures for both propellants. Figure 6.2 shows the flame
attached to agglomerates on the surface of M43 at 1.23 MPa (165 psig). The pressure at
which the liquid layer disappeared for M43 (185 psig) was lower than that for XM39 (>500
psig). This is believed to be caused by the higher heat release in the surface reaction zone of
M43 which contains a more energetic plasticizer than the ATEC in XM309.
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Large carbonaceous flakes formed on the burning surface of JA-2 were observed at all
pressures. No flame was visible at pressures below 1.23 MPa (165 psig) due to fizz burning.
At 1.48 MPa (200 psig), the carbonaceous flakes acted as flame holders as shown in Fig. 6.3
with the number of attachment sites increasing with pressure. At higher pressures (e.g. 500
psig), nearly uniform flame attachment to a glowing structure on the surface was observed.
No liquid layer was observed at any test condition.

Figure 6.1 Thick foam layer on burning surface of RDX at 0.17 MPa (10 psig).

Figure 6.2 Flame attachment to agglomerates on M43 at 1.23 MPa (165 psig).
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Figure 6.3 Flame attachment to carbonaceous flakes on JA-2 at 1.48 MPa (200 psig).

Many different samples of RDX-based propellant and propellant ingredients have been
imaged using a hot-stage equipped Environmental Scanning Electron Microscope (ESEM)
while undergoing heating. When heated over a temperature range of 25°C to 450°C, XM39
propellant showed very interesting behavior. Around 170 °C, well below the melting point of
RDX, the propellant structure began to change and a liquefaction process was observed at
~180°C. Many bubbles were observed developing between 200 °C and 360 °C as the sample
size decreased continuously. As the temperature increased to 450 °C, only a char layer was
left. The bubble formation is indicative of liquid-phase vaporization and decomposition,
demonstrating that two-phase phenomena are present near the pyrolyzing surface of the
sample.
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VII. Reactions of RDX and Nitramine-based Propellants
VII.1 Statement of Problem

Since the regression rate of solid propellants can be greatly influenced by surface and
subsurface reactions, better knowledge of condensed phase reactions is vital to gain a more
in-depth understanding of the combustion of nitramine solid propellants. Surface and near-
surface phenomena of RDX-based propellants have not been fully studied, mainly due to the
difficulties in probing the thin surface reaction zone. Any intrusive probing of the reaction
zone (which has a relatively small characteristic length on the order of 100 um) could
significantly disturb the localized combustion phenomena. Many previous studies have
focused on experiments at non-combustion conditions to investigate thermal decomposition
rates and reaction mechanisms of solid propellants and their ingredients.

VIL.2 Summary of Most Important Results

A microprobe mass spectrometer was used to measure decomposition products from the
subsurface region of XM39 and M43 RDX-based propellants. The microprobe was inserted
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into a hole drilled axially in the centerline of each propellant sample. Gaseous species
released in the subsurface region were collected in the cavity and were sucked into the probe
and analyzed.7'1 Tests were conducted in Ar at 1 and 3 atm, with a CO, laser external heat
flux of 100, 200, and 275 W/cm® An insignificant amount of solid-phase decomposition
products was detected for M43, and only a very minute amount of oxy-s-triazine (OST) was
detected from XM39 at very low heat flux conditions. At the time of burn through, the major
species detected had masses of 30, 28, 44, and 27 amu, believed to be CH,0, CO, N,O, and
HCN.">"? These products suggest that the RDX decomposition pathway to form CH,O and
N,O is more dominant for the condensed-phase reactions at the operating conditions studied.
The cellulose acetate butyrate (CAB) binder and plasticizers of these two propellants showed
relatively inactive behavior under the conditions tested.
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VIII. Condensed-phase Interactions between RDX and Common Solid Propellant Binders

VII.1 Statement of Problem

In comparison to the studies of decomposition and subsequent reactions involving RDX and
other propellant ingredients, very little attention has been given to the effects of solid-state
interactions in the condensed phase. The combination of ingredients in solid propellants
(e.g., oxidizer, binders, plasticizers, etc.) may not be adequately modeled as just a physical
mixture. This is due to the fact that some interactions between these components can change
intermolecular forces in the propellant mixture, leading to changes in physical properties and
combustion behavior. If there is appreciable solid solubility, solutions will form and will
have enthalpies of fusion, melting temperatures, and other characteristics different from those
of pure substances. It is desirable to establish the properties of such mixtures when designing
new propellant formulations.

VIL.2 Summary of Most Important Results

The solubilities of common propellant ingredients including acetyl triethyl citrate (ATEC),
cellulose acetate butyrate (CAB), nitrocellulose (NC), and the energetic plasticizer (EP) used
in M43 propellant and their effects on RDX unit cell dimensions were investigated. Samples
were aged at an elevated temperature to speed the formation of solid solutions. A least-
squares analysis of X-ray diffraction data was used to obtain the lattice parameters from
which unit cell volume and solubility were deduced.” X-ray powder diffraction analysis
showed that all binders tested formed a solid solution with RDX indicated by expansion of
the RDX unit cell volume. CAB was found to have a solubility limit greater than 16 wt%,
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while EP had the least. NC and ATEC both showed solubility up to about the 9 wt% level.
Changes in material and combustion properties due to the solid solution formation should
therefore be closely examined in the modeling of combustion processes of RDX-based
composite propellants.*”
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IX. Effects of Processing Procedures on Pseudo-Propellant Flame Structure
IX.1 Statement of Problem

Understanding the formation and influencing factors on the dark zone above RDX-based
propellants is essential in the formulation of accurate models for combustion simulation.

IX.2 Summary of Most Important Results

Combustion behavior and flame zone structure of various RDX-based pseudo-propellants
were compared to neat RDX and actual XM39 propellant. It was found that the existence of
a dark zone over the pseudo-propellant samples was dependent on the processing procedure
used. None of the shock-precipitated and pressed samples showed a dark zone at any test
condition. However, an extrusion process utilizing ethyl acetate solvent produced pseudo-
XM39 that duplicated the combustion behavior and flame structure of actual XM39 at the
reference test conditions of 150 psig and 300 psig in an N; atmosphere. RDX/CAB (80/20
wt%) pseudo-propellant also showed a dark zone of approximately 4 mm at 300 psig.”"*
As shown by other researchers, the addition of binders to RDX is a necessary condition in the
formation of a dark zone over the burning surface. However, it is seen here not to be a
sufficient condition, as all pressed pseudo-propellant mixtures showed flame attachment
without dark zones. It is believed that the microstructure of propellant is an important factor
in dark zone formation. With the CAB binder matrix wetting and surrounding RDX particles
in extruded samples, dark zones were observed.
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X. Nitromethane Combustion
X.1 Statement of Problem

Nitromethane has been considered to have some burning features similar to the solid RDX
while having a simpler molecular structure. It is believed that knowledge of the nitromethane
flame structure and burning behavior will further enhance the understanding of the ignition
and combustion of nitramines (such as RDX and HMX) and other nitro group-containing
materials and compounds.

X.2 Summary of Most Important Results

The intrinsic burning rate of nitromethane over a range of pressures and initial temperatures
was measured using an optically accessible, high-pressure liquid propellant strand burner
(LPSB) established at PSU. Compared to other methods, the LPSB minimizes undesirable
effects introduced by gelling agents and LP-containing tubes that may modify burning
behavior. To determine the intrinsic burning rate, chamber pressure was varied to achieve a
steady-state level of the LP burning surface at a set actuator feeding rate.'”! Burning rates at
four different initial temperatures from -30 °C to +45 °C were determined in an air
environment. Over a pressure range of 2.5 to 15 MPa (250 to 2200 psig), the intrinsic
burning rate of nitromethane was determined as a power law of chamber pressure for the four
different initial temperatures. Data and a power-law curve fit for each temperature are shown
in Fig. 10.1. Temperature sensitivity (6,) was then deduced and found to be most sensitive to
initial temperature change at low pressures, with the temperature sensitivity op = 2.9x10° K
at 2.51 MPa (350 psig). The o, decreases greatly with increasing pressure, dropping to a very
low value of 0.6x10° K' at a pressure of 9.96 MPa (1430 psig). A second-order
polynomial'®? fits the deduced points very well: o, = 4.38x10™ - 6.73x10™P + 2.97x10°°P*
where P is in MPa and o, in K. The trend indicates even less sensitivity at higher pressures.
The tube confinement encountered in conventional LP burning-rate measurements proved to
have a non-negligible effect in reduction of the LP burning rate. This indicates that the
advantage of using the LPSB for determining the intrinsic burning rates of liquid propellants.
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Figure 10.1 Burning rate of nitromethane at different pressures and initial temperatures.
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